ABSTRACT
INTRODUCTION
Accelerated idioventricular rhythm (AIVR) is a rare but well-recognized arrhythmia both in the neonatal period [1] [2] [3] [4] [5] [6] and in older pediatric patients [7] [8] [9] . Postnatal diagnosis of AIVR is based on the following electrocardiographic signs: wide monomorphic QRS complex dissociated from atrial depolarizations, interrupted by variable periods of either sinus rhythm or concomitant atrial and ventricular contractions (isorhythmic atrioventricular (AV) dissociation) related to atrial or ventricular captures; left bundle branch block (LBBB) or, less frequently, right bundle branch block (RBBB), related respectively to right (RV) or left (LV) ventricular origin of the arrhythmia; ventricular rates within 15-20% of the preceding sinus rhythm; and occasional fusion beats or atrial captures. As the diagnosis of AIVR relies on these electrocardiographic patterns, the prenatal diagnosis and reliable assessment of the incidence of this type of arrhythmia represent a major challenge. To our knowledge, cases of fetuses with fully documented AIVR including identification of right or left origin of the ventricular pacemaker have not been published previously. Furthermore, an isolated report of early delivery of a hydropic fetus whose neonatal electrocardiogram (ECG) showed typical signs of AIVR 10 raised concerns that isolated prenatal AIVR might not be as well tolerated as observed during postnatal life 6, 7 . Therefore, the aims of this study were to evaluate the performance of prenatal ultrasonography in identifying intrauterine cardiocirculatory changes linked to specific ECG criteria of postnatal AIVR, and to determine the prognosis of this arrhythmia by assessing its impact on fetal myocardial function and circulatory dynamics.
METHODS
In this retrospective observational study, fetuses diagnosed with AIVR from 1 January 2004 to 31 December 2014 were identified from the electronic database of the Fetal Cardiology Unit at CHU Sainte-Justine, Canada. Obstetric history, as well as pre-and postnatal clinical evolution, was reviewed. Fetal ultrasonography recordings were analyzed with emphasis on the following: (1) cardiac morphology; (2) simultaneous Doppler recordings of flow velocity in the superior vena cava and the ascending aorta (SVC/Ao) 11 to evaluate AV relationships; (3) impact of the arrhythmia on myocardial function based on M-mode assessment of LV shortening fraction (LVSF) 12 , venous pulsatility indices in the ductus venosus (DV) 13 , and presence of pericardial and/or peritoneal fluid collection(s); (4) relative timing of LV and RV contractions based on aortic isthmus (AoI) and ductus arteriosus (DA) Doppler velocimetry, taking advantage of the concept that, during prenatal life, the AoI and DA ventricle outputs have an opposite influence on the direction of blood flow, with the AoI flow being antegrade for the left and retrograde for the right ventricle (Figure 1a) while, for the DA flow, the antegrade influence comes from the right ventricle and the retrograde from the left (Figure 1b) 14 . In our unit, the AoI is always investigated in a sagittal view of the fetus, which provides a full view of the aortic arch and allows clear identification of the anatomical limits of the isthmus (from left subclavian artery to the DA) and simultaneous recordings of AoI and DA flow 15 .
The study was approved by the chairman of medical and university affairs at the CHU Sainte-Justine, University of Montreal.
RESULTS
Out of 27 912 fetuses investigated between 2004 and 2014, three cases with the diagnosis of AIVR were identified, resulting in an incidence slightly below 1 : 10 000.
Case 1 was previously included in a review of our experience with fetal arrhythmias published in 2004 16 , but that investigation was solely based on the SVC/Ao approach and the objectives differed from those of the present study. A 27-year-old primigravida was referred to our unit at 30 weeks of gestation for sustained irregularities of the fetal heart. Previous medical visits at 12, 20 and 24 weeks of gestation were uneventful. Morphology of the fetal heart was normal. SVC/Ao Doppler flow recordings revealed recurrent episodes of AV dissociation (Figure 2a ) with ventricular and atrial rates at 170 bpm and 138 bpm, respectively. LVSF was normal at 0.32. The patient was hospitalized for frequent monitoring. The following day, a 2.8-mm pericardial fluid collection was noted and oral propanolol was started at 20 mg every 8 h and progressively increased to 80 mg every 8 h over a 5-day period. On the fourth day of treatment, a sustained sinus rate was recorded with occasional ventricular ectopies. At 37 weeks of gestation, the propanolol was progressively withdrawn.
The mother gave birth to a 2720-g male neonate by normal vaginal delivery at 40 weeks of gestation; 1-, 5-and 10-min Apgar scores were 7, 9 and 9, respectively. On the ECG recorded on the first day after delivery, a mean sinus rhythm of 106 bpm with no conduction abnormalities was noted. However, extreme QRS axis deviation ('northwest' QRS axis) and amplitudes of QRS, positive in V1 and negative in V6, favored RV overload ( Figure 3 ). The echocardiogram recorded at 24 h after birth was normal and the patient was discharged 5 days after birth. The infant remained asymptomatic and, on the last outpatient visit at 2 years of age, cardiovascular assessment was normal. This fetus was classified retrospectively as having AIVR caused by LV focus associated with RBBB.
In Case 2, a 30-year-old gravida 3 patient was referred to our unit at 29 weeks of pregnancy for moderate fetal tachycardia. Previous obstetric visits were unremarkable. Fetal heart morphology was normal. An SVC/Ao tracing showed a ventricular rate of 170 bpm with dissociated atrial contractions of 133 bpm ( Figure 4a ). Myocardial contractility was normal (LVSF = 0.33). Concomitant occurrence of atrial and ventricular contractions was associated with retrograde a-waves on the DV Doppler recording, while normal forward venous flow was observed on the rest of the tracing (Figure 4b ). An early-systolic reverse wave was noted on the AoI Doppler waveforms (Figure 4c ) while late-systolic reverse flow was recorded on the DA waveforms (Figure 4d ). Both dynamic events were compatible with asynchrony between RV and LV contractions, with the RV contractions occurring earlier. Fusion beats were also identified on the AoI tracings (Figure 4c ). Based on these findings, there was strong suspicion of AIVR originating from the right ventricle and associated with LBBB. As myocardial contractility was normal, daily ultrasound monitoring without medication was advised. At 34 weeks, spontaneous recovery to sinus rhythm was documented. The mother delivered a healthy male neonate at 39 weeks of gestation outside of our institution. Despite our recommendation for early postnatal cardiocirculatory assessment, the neonate was first seen in our pediatric cardiology outpatient clinic at 6 weeks of age; the clinical, electrocardiographic and echocardiographic assessments, as well as a 24-h Holter recording, were all normal. The patient was not seen thereafter.
In Case 3, a 40-year-old primigravida with successful in-vitro fertilization was referred to our unit at 27 weeks of gestation for irregular fetal heartbeat. Fetal echocardiographic investigation revealed edema of the abdominal wall, as well as pericardial and peritoneal fluid accumulation (Figure 5a) . A muscular ventricular septal defect (VSD) with a diameter of 3.5 mm was noted, shunting from right to left in systole (Figure 5b ). Cardiac morphology was otherwise normal. SVC/Ao assessment revealed the periods of sinus rhythm alternating with AV dissociation (ventricle: 175 bpm; atrium: 150 bpm). LVSF was normal at 0.36. On DV Doppler recording, retrograde and normal a-waves alternated depending on whether atrial and ventricular contractions were concomitant or not. Brief early-systolic and late-systolic reversal of flow were noted respectively on the AoI and DA Doppler waveforms (Figure 5c,d) , compatible with delay in LV depolarization.
The patient was hospitalized for monitoring, and therapy for ventricular tachycardia associated with hydrops fetalis was initiated (800 mg amiodarone once a day for 2 days followed by 400 mg daily). Three days later, regular sinus rhythm was present at a rate of 115-150 bpm. Resorption of ascites with significant decrease in pericardial fluid was observed within 2 days. Amiodarone was then reduced progressively to 200 mg daily between 30 and 33 weeks, and stopped at 34 weeks in preparation for delivery. Episodes of isorhythmic AV dissociations were observed at 35 weeks, with tall a-waves in the superior vena cava, while the right atrium was continuously contracting against the closed tricuspid valve (Figure 6a ). This isorhythmic AV dissociation was still present on the last ultrasound examination at 37 weeks of gestation (heart rate at 142 bpm).
At 38 weeks, a 2880-g female was delivered with Apgar scores of 8, 9 and 9 at 1, 5 and 10 min, respectively. The ECG recorded on the same day showed isorhythmic AV dissociation with cardiac rhythm between 140 and 150 bpm. QRS duration (87 ms) was longer than expected for the patient's age 17 , with LBBB pattern suggestive of AIVR originating from the right ventricle (Figure 6b) . The presence of a 2.8-mm muscular VSD was confirmed on postnatal echocardiography. Four days after birth, a 24-h Holter recording displayed a predominant sinus rhythm with isolated episodes of ventricularly driven heartbeats. The neonate was discharged after 2 weeks of close monitoring without any adverse clinical events. The patient remained asymptomatic and was last seen at 11 months; her last ECG and 24-h Holter recordings were normal though a small muscular restrictive VSD was still present. A summary of the performance of fetal ultrasonography in identifying cardiocirculatory changes corresponding to the ECG criteria for postnatal AIVR is presented in Table 1 .
DISCUSSION
In 2004, 38 cases of neonatal AIVR were identified in a review of cases of the preceding 42 years 3 . Surprisingly, fetal irregular rhythm was mentioned only in two of those 38 cases. Our own finding of three AIVR cases out of 27 912 evaluated fetuses corroborates the rare occurrence of this rhythm disturbance during prenatal life. However, the fact that during fetal AIVR the ventricular rate remains within the normal range makes it difficult to suspect such an arrhythmia; sustained heart rates at upper normal limits, sudden and repeated changes in this rate and/or unexplained fluid accumulation are clinical signs justifying further investigation to rule out fetal AIVR. Furthermore, a previous report of AIVR discovered in a hydropic newborn 10 raises suspicion that the actual low number of diagnosed AIVR cases may be a consequence of intrauterine death. In our two fetuses with fluid collection (Cases 1 and 3), higher central venous pressure was present, expressed by abnormal DV Doppler tracings 18 . However, normal LVSFs and co-existence of normal waveforms and abnormal deep deceleration of a-waves on the same DV recording strips ruled out myocardial failure.
The present study demonstrates that specific fetal ultrasonographic approaches can help identify cardiocirculatory events linked to ECG criteria for postnatal diagnosis of AIVR. However, two important technical points should be stressed: first, in order to detect random changes in the origin of cardiac depolarization, repeated periods of short recordings (< 10 s) on sites such as SVC/Ao, AoI, DA and DV are recommended to avoid overexposure to focused pulsed Doppler; second, the SVC/Ao approach alone cannot identify RBBB or LBBB, and hence simultaneous Doppler flow recordings through the AoI and DA are necessary to complete the full electrophysiological picture of fetal AIVR.
In our Case 1, with AIVR presumably caused by LV focus, the tricuspid valve closed later than the mitral valve resulting in longer filling times and greater RV stroke volumes. The delay in RV ejection would explain the late appearance of DA peak velocities on the simultaneous AoI/DA Doppler flow recordings (Figure 2d ), while lower peaks and smaller velocity integrals of the AoI waveforms would reflect a greater retrograde influence of the increased RV stroke volume on the antegrade AoI flow (Figure 2c ). The greater prenatal RV stroke volume would also explain the higher RV potentials observed during sinus rhythm on the immediate postnatal ECG. Compared with Case 1, the fetuses in Cases 2 and 3 showed quite different AoI and DA flow patterns; a RV focus caused early depolarization of the right ventricle with secondary LBBB pattern as confirmed by the postnatal ECG in Case 3 (Figure 6b ). Similar findings, based on electrophysiological studies, have been reported previously in postnatal life 19, 20 . Presumably, in Cases 2 and 3 the RV stroke volume reached the AoI through the DA a few milliseconds before the LV stroke volume. This could be the cause of the brief retrograde early-systolic waves observed in the AoI, while late LV influence created the brief retrograde waves observed at the end of systole on the DA waveforms. Although the changes observed in the AoI and DA waveforms were qualitatively similar in both fetuses, these were less intense in Case 3. This difference could be explained by the right-to-left shunting through the VSD in Case 3 ( Figure 5b ) causing a loss of stroke volume during RV early contractions while the left ventricle was still in its relaxation phase due to LBBB.
There is a general consensus in the recent literature about the good prognosis of AIVR in the immediate postnatal period and during the first months after birth [1] [2] [3] 6, 7 . AIVR could be another example of prenatal cardiocirculatory specificities compared with postnatal life. Fetuses are known to be very sensitive to rise in intracapillary hydrostatic pressure due to their low plasma albumin level and secondary low oncotic pressure 21 . Elevated central venous pressure, related to cardiac failure or not, carries the additional life-threatening risk of decreasing maternofetal exchange by causing reduction of umbilical arteriovenous pressure gradient, placental edema and, consequently, reduced flow through the umbilical circulation. It has been shown that in non-immune hydropic fetuses the most reliable predictor of perinatal death was the presence of umbilical venous pulsations 22 . It is noteworthy that the fetus in Case 3, which exhibited prolonged periods of isorhythmic dissociation and tall retrograde a-waves in the SVC, was the sickest of the three AIVR fetuses. The conversion to sinus rhythm observed in the two treated cases could well be fortuitous but illustrates that, in the absence of myocardial failure, rapid fluid resorption is observed in those hydropic fetuses.
Two limitations should be underlined in this report. The small number of subjects retrieved in this retrospective study constitutes a drawback that might, however, be directly related to the low detection of prenatal AIVR while the same type of arrhythmia is well described in the immediate postnatal period. Moreover, electrocardiographic documentation of the arrhythmia in immediate postnatal life is provided in only one of our three cases; this is expected since AIVR is known to be a self-limiting arrhythmia.
The following conclusions can be drawn from the observations made in the present study: (1) fetal hemodynamic expression of ECG criteria required for the postnatal diagnosis of AIVR can be documented in utero by specific ultrasonographic approaches; (2) prenatal AIVR could be a life threatening arrhythmia in an otherwise normal fetus and this could well be the main factor responsible for the apparently low prenatal incidence of AIVR; (3) elevated central venous pressure associated with AIVR does not necessarily indicate myocardial failure; and (4) the ultrasonographic investigation protocol of fetuses with unexplained hydrops fetalis should aim at ruling out AIVR and include simultaneous SVC/Ao Doppler recordings as well as DV, AoI, DA and umbilical vein flow measurements.
